Background: Despite promising treatments for breast cancer, mortality rates remain high and treatments for metastatic disease are limited. High-frequency irreversible electroporation (H-FIRE) is a novel tumor ablation technique that utilizes high-frequency bipolar electric pulses to destabilize cancer cell membranes and induce cell death. However, there is currently a paucity of data pertaining to immune system activation following H-FIRE and other electroporation based tumor ablation techniques. Methods: Here, we utilized the mouse 4T1 mammary tumor model to evaluate H-FIRE treatment parameters on cancer progression and immune system activation in vitro and in vivo. Findings: H-FIRE effectively ablates the primary tumor and induces a pro-inflammatory shift in the tumor microenvironment. We further show that local treatment with H-FIRE significantly reduces 4T1 metastases. H-FIRE kills 4T1 cells through non-thermal mechanisms associated with necrosis and pyroptosis resulting in damage associated molecular pattern signaling in vitro and in vivo. Our data indicate that the level of tumor ablation correlates with increased activation of cellular immunity. Likewise, we show that the decrease in metastatic lesions is dependent on the intact immune system and H-FIRE generates 4T1 neoantigens that engage the adaptive immune system to significantly attenuate tumor progression. Interpretation: Cell death and tumor ablation following H-FIRE treatment activates the local innate immune system, which shifts the tumor microenvironment from an anti-inflammatory state to a pro-inflammatory state. The non-thermal damage to the cancer cells and increased innate immune system stimulation improves antigen presentation, resulting in the engagement of the adaptive immune system and improved systemic anti-tumor immunity.
Introduction
Breast cancer is the most common malignancy among women, where almost 1.7 million new patients worldwide are diagnosed annually [1] . When coupled with early detection, current treatments are highly effective and have contributed to a decline in mortality over the last three decades. However, the annual death rate remains unacceptably high. Mortality is typically not associated with breast cancer confined to the breast or draining lymph nodes, rather metastasis to critical organs remains the most significant challenge to patient survival [2] .
New therapies for the treatment of breast cancer are emerging including minimally-invasive tumor ablation techniques [3, 4] . One particular ablation technology, irreversible electroporation (IRE), has shown promise in both clinical and pre-clinical cancer studies. IRE is a highly innovative locoregional therapy that delivers short unipolar electric pulses that increase the tumor cell transmembrane potential through non-thermal mechanisms, resulting in cell death while sparing critical structures in the treatment field [5] . IRE is currently being evaluated in a range of veterinary and human clinical trials for malignancies in the liver, pancreas, prostate, kidney, and brain [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, there are a few disadvantages of IRE including muscle contractions that require medical paralysis for the procedure and a risk of cardiac arrhythmia that requires cardiac synchronization [5] . Due to these limitations, we have developed a novel, next generation technology that utilizes highfrequency bipolar bursts, which minimizes muscle contraction [17] and cardiac arrhythmia risk. This technique is termed high-frequency irreversible electroporation (H-FIRE).
A major advantage of IRE and H-FIRE is immune system engagement through mechanisms that are not yet fully defined [18] [19] [20] [21] [22] . Previous work by our team demonstrated that in vitro IRE treatment of murine 4T1 mammary cancer cells significantly altered expression of a selection of tumor-associated inflammatory mediators [23] . Likewise, a more recent study utilizing nano-pulse stimulation (NPS), which is similar in principle to IRE and H-FIRE, to treat 4 T1 tumors in vivo also demonstrated a reduction in systemic immunosuppressive cells and improved anti-tumor immunity [24] . Similarly, a study showed that electrolytic electroporation invokes an inflammatory response in the liver [21] . Here, we investigate the use of H-FIRE in the mouse 4T1 model of mammary tumorigenesis. We demonstrate that H-FIRE is a highly effective tumor ablation strategy that significantly alters the in situ antiinflammatory tumor microenvironment by stimulating the innate immune system through the induction of inflammatory cell death. Local tumor treatment also results in the activation of the adaptive immune system by improving antigen presentation and reducing local immunosuppressive cell populations. Together, our data show that H-FIRE is effective in the induction of a systemic anti-tumor immune response that is capable of eliminating metastases in locations distal to the primary tumor treatment site.
Materials and methods

H-FIRE treatment parameters
H-FIRE was delivered using a custom bipolar pulse generator (EPULSUS-FBM1-5, Lisboa, Portugal). This generator consists of two unipolar Marx generators capable of producing voltage waveforms with pulse rise-times of 100 ns and a maximum voltage/current output of 5 kV/50 A. For all studies reported here, H-FIRE therapy consisted of applying 200 bursts of bipolar pulses delivered at a frequency of 1 burst per second, where each burst was energized for a total time of 100 μs per burst. Within an individual burst of bipolar pulses, a 2 μs positive pulse, 5 μs inter-pulse delay, 2 μs negative pulse, and a 5 μs inter-pulse delay (2-5-2) pattern was repeated until a total on-time of 100 μs per H-FIRE burst was achieved (waveforms are shown in Supplemental Fig. S1A-B) . While several voltage-to-distance ratios were applied for both in vitro and in vivo experiments, all other H-FIRE pulsing parameters in this study were conserved.
In Vitro 4T1 H-FIRE treatment parameters
The murine 4T1 mammary tumor cell line was acquired from ATCC (Cat#CRL-2539). Cells were sub-cultured to approximately 80% confluence. All experiments were performed within the first 4-8 sub-cultures. At confluence, 4T1 cells were washed and resuspended in a 5.5:1 ratio of low-conductivity sucrose solution (85 g sucrose, 3.0 g glucose, 7.25 ml RPMI, and 992.75 ml DI water) to unsupplemented RPMI to 4 × 10 6 cells/ml. An 800 μl cell suspension was added to a 4 mm sterile electroporation cuvette (Fisher Scientific) and H-FIRE was delivered at a voltage of 204 V, 800 V, or 1600 V totaling 500, 2000, or 4000 V/cm electric field magnitude, respectively. Temperature was monitored by inserting a fiber optic temperature probe (Lumasense, Inc.) within the cuvette during pulsing. Shortly after pulsing ceased, the temperature probe was removed and the cells were maintained on ice. Aliquots were immediately removed for staining with acridine orange (AO)/ propidium iodide (PI) for automated cell viability counting using a Cellometer Vision CBA Image Cytometer (Nexcelom) and trypan blue for manual cell viability counting via hemocytometer. Remaining cells were divided and plated at a density of approximately 600,000 cells/ml, and maintained in incubators for either 2, 8, or 24 h before
Research in context
Evidence before this study Minimally invasive tumor ablation strategies are being evaluated in a multitude of human cancers. However, studies in breast cancer have been relatively limited thus far. Breast cancer mortality rates remain high and treatments for metastatic disease are inadequate. Likewise, the highly immunosuppressive microenvironment associated with breast cancer is a significant hindrance to emerging immunotherapeutic strategies. Irreversible electroporation (IRE), which utilizes electric pulses to induce cancer cell death through non-thermal mechanisms, is currently being evaluated in preclinical and clinical trials for tumor ablation in a variety of cancers. Intriguingly, several lines of evidence suggest that this technique is effective in immune system activation. Currently, mechanistic insight associated with immune system activation is quite limited.
Added value of this study
In this study, we demonstrate the effectiveness of high-frequency irreversible electroporation (H-FIRE), a novel second-generation modality based on IRE that uses high-frequency bipolar electric pulses instead of unipolar pulses, in mammary tumor ablation. Using a mouse model that closely mimics highly aggressive and metastatic human breast cancer, we show that H-FIRE treatment shifts the local immunosuppressive mammary tumor microenvironment to one that is more pro-inflammatory and facilitates improved adaptive immune system engagement, resulting in the targeting and elimination of metastatic cells.
Implications of all the available evidence
The data presented here suggest that H-FIRE causes localized inflammation through the induction of inflammatory cell death mechanisms and immune cell recruitment. Likewise, H-FIRE improves antigen presentation and promotes systemic anti-tumor immunity. Together, these data suggest that H-FIRE treatment may improve the current standard of care for breast cancer patients and would likely significantly impact the tumor response to immunotherapies or other targeted treatments. H-FIRE may be a valuable tool as a pre-treatment strategy to prime the immune system to eliminate metastases prior to conventional or emerging therapeutic approaches.
supernatant was isolated for LDH Cytotoxicity Assay (Pierce) following manufacturer's protocol.
Experimental animals
All experiments were conducted under institutional IACUC approval and in accordance with the NIH Guide for the Care and Use of Laboratory Animals. All experiments utilized 6-10 week-old, female BALB/cJ (n = 3-10 animals in each group) or NOD scid gamma (NSG) (n = 3-10 animals in each group) mice (Jackson Labs). 4 T1 cells were washed and re-suspended in sterile PBS prior to injection. Mice were anesthetized and 1.2 × 10 6 cells were injected into the mammary fat pad. Clinical parameters and tumor measurements were evaluated at least three times/ week. Tumor diameter was calculated by the square root of the product of two perpendicular diameters, as previously described [25] . Animals were euthanized when tumors reached 1.6 cm of calculated diameter, or if considered clinically moribund. All studies were repeated at least 3 individual times to ensure reproducibility.
In Vivo H-FIRE tumor treatment
On days 10-11, mice were anesthetized using isoflurane and two needle acupuncture electrodes with 0.4 mm diameter were inserted into the tumor. H-FIRE was applied with a voltage to distance ratio of 2500 V/cm and the electrode separation was set to match tumor diameter using one of the following 3 combinations: 3 mm spacing/750 V; 5 mm spacing/1250 V; or 6 mm spacing/1500 V, ensuring a 2500 V/cm voltage-to-distance ratio was administered to each tumor. Electrode spacing was calculated as the distance between the centers of the two electrodes. Mice were recovered on room air.
Tissue collection and processing
At euthanasia, the primary tumor was dissected, half was flash frozen for RNA isolation, half was fixed in formalin for histopathology. Whole blood was collected via cardiac puncture, washed in HBSS, and resuspended in IMDM supplemented with 10% FBS, 100 units/ml penicillin, 100 μg/ml streptomycin, and 60 μM 6-thioguanine. After 7-12 days incubation, media was removed from the plates, cells were fixed in methanol, stained with 0.03% methylene blue, and counted. The large lobe of the lung was isolated, inflated with formalin, and prepared for histopathology.
Histopathology
Paraffin-embedded formalin-fixed tissues were stained with H&E and independently evaluated by blinded board-certified veterinary pathologists (S.C.O. & K.E.). Pulmonary metastases were quantified per section. Tumor necrosis was graded as a percentage: 0, 0% necrosis; 1, 1-25% necrosis; 2, 26-50% necrosis; 3, 51-75% necrosis; 4, 76-100% necrosis. Tumor leukocyte infiltration was scored on a scale of low, moderate, or high. The skin surrounding the tumor was graded using a binary score for detection of fibrosis.
Flow cytometry
Tumors were isolated from the animals and mechanically digested. Cells were diluted in complete RPMI. For cell surface marker staining, after an initial 30-min incubation with anti-CD16/32 (Fc block) in FACS buffer at 4°C, cells were stained for 30 min in the dark at 4°C. Cells were washed with PBS and evaluated by FACSAria (BDBiosciences). The same protocol was followed for surface marker staining, followed by permeabilization with True-Nuclear™ Transcription Factor Buffer Set (BioLegend) following the manufacturer's guidelines for use with FOXP3 staining.
Gene expression profiling and pathway analysis
For in vivo studies, total RNA was harvested from primary tumors using FastRNA Pro Green Kit following manufacturer's protocols (MP Biomedicals). Total RNA was pooled from 3 to 8 individual mice per group for RT 2 Profiler PCR Array Platform (QIAgen) cDNA reaction.
For in vitro experiments, total RNA was harvested using TRIzol (Invitrogen). Total RNA was pooled from 8 to 9 samples per treatment for the cDNA reaction. Gene expression was evaluated using PAMM-131Z and PAMM-181Z arrays (in vivo), or PAMM-052Z (in vitro)(Qiagen) following manufacturer's protocols. The gene list for each array and functional categories for each gene are available through the manufacturer. Ingenuity Pathways Analysis (IPA) and the manufacturer's array software (Qiagen) was used to analyze gene expression data. IPA data were ranked and evaluated based on z-score.
Replicates
All studies were repeated at least 3 independent times unless noted.
Statistical analysis
Data were analyzed using GraphPad Prism, version 7. A Student's two-tailed t-test was utilized for comparisons between two experimental groups. Multiple comparisons were conducted using one-way and two-way ANOVA where appropriate followed by Mann-Whitney or Tukey post-test for multiple pairwise examinations. Statistical significance was defined as p ≤ 0.05. All data are represented as the mean ± SEM.
Results
H-FIRE is capable of delivering high voltages with minimal changes in temperature
Our team previously defined unipolar IRE pulse parameters that were highly effective in promoting cell death and altering expression of mediators associated with immune system activation in 4T1 cells in vitro [23] . Using these studies as our reference, we sought to evaluate similar parameters for H-FIRE in 4 T1 cells. 4 T1 cell suspensions were exposed to H-FIRE with electric field strengths of 0, 500, 2000, and 4000 V/cm while suspended in a cuvette at room temperature ( Fig. 1A) and Joule heating was monitored throughout the duration of treatment. A significant increase in temperature was observed at 4000 V/cm, with maximum temperature reaching 62°C, whereas the maximum temperature was 28.6°C at 2000 V/cm (Fig. 1B) . The maximum temperature change for the two lower electric field magnitudes remained below 37°C. To detect cell viability, both manual trypan blue and automated AO/PI live/dead exclusion staining was recorded immediately following H-FIRE treatment at each voltage ( Fig. 1C) . At 2000 V/cm, we observed a 29% decrease in cell viability immediately after treatment (Fig. 1C) . In order to determine whether cell death was maintained over time following H-FIRE, we chose to use an LDH assay following 2000 V/cm treatment (Fig. 1C) . Here, we show steady and consistent cell death beginning within 2 h post-treatment and lasting over a 24-h time course (Fig. 1C) . This is consistent with the unique cell death mechanisms driven by electroporation-based ablation therapy that are time-dependent, with cell death detectable up to a week after treatment [26] . Unlike other forms of non-thermal tumor ablation, such as histotripsy that causes instant cell rupture [27] , the cell death induced by H-FIRE continues over an extended timeframe.
H-FIRE promotes inflammatory cell death and attenuates local 4T1 tumor-promoting microenvironments
IRE treatment of 4 T1 cells results in up-regulation of IL-6 and TNF, and down-regulation of TSLP [23] . To better define the impact of H-FIRE on 4 T1 cells, we utilized a broader gene expression profiling strategy coupled with Ingenuity Pathway Analysis (IPA) to profile changes for 162 genes associated with cancer hallmarks and inflammation (Supplemental Table S1A ). For this study, we utilized 4 T1 cells treated with 2000 V/cm and tracked gene expression changes over 2, 8, and 24-h ( Fig. 1D-E) . IPA identified several disease and biological functions impacted by H-FIRE treatment based on the expression profiles (Supplemental Fig. S2A ). Likewise, we observed differential effects on a range of genes and networks following 4 T1 cell treatment ( Fig. 1D ; Supplemental Fig. S2B ). Using these data and IPA, we were able to group the gene expression profiling changes into 9 specific pathways related to 3 biological functions that were differentially impacted by H-FIRE treatment over time (Fig. 1E ). H-FIRE treatment resulted in significant changes in pathways associated with inflammation, cellular injury/repair, and cell death (Fig. 1E) . Specifically, H-FIRE induced robust down-regulation of genes associated with immunosuppression and reciprocal increases in pro-inflammatory genes (Fig. 1E ). We also observed significant decreases in genes associated with cellular injury and an increase in genes associated with regeneration and repair ( Fig. 1E ). This is potentially associated with cells beginning to recover from electroporation.
Consistent with viability studies, we also observed significant increases in expression profiles associated with cell death pathways (Fig. 1E) . Specifically, we observed a significant increase in pathways associated with inflammatory cell death signaling and necrosis over the 24-h time course (Fig. 1E ). Prior studies of IRE have suggested that cell death occurs through apoptosis [28] [29] [30] [31] . Interestingly, we do observe a gene expression profile that is consistent with apoptosis shortly after H-FIRE (Fig. 1E ). However, this appears to shift over time towards inflammatory cell death and necrosis (Fig. 1E) . By 24 h, we observed upregulation of genes and pathways associated with necrosis and pyroptosis, which are inflammatory forms of cell death associated with NLR inflammasome and caspase-1/11 activation (Fig. 1F) . IPA identified significant changes in genes and networks associated with Pycard signaling following H-FIRE treatment (Fig. 1F, box) . Pycard encodes the essential inflammasome adaptor-protein ASC, critical for inflammation and pyroptosis. Pyroptosis is associated with pattern recognition receptor recognition of damage associated molecular patterns (DAMPs) following pathogen exposure, cellular damage, or stress [32] . Further evaluation of the gene expression data revealed 3 networks associated with DAMP signaling significantly up-regulated post-H-FIRE: (1) ROS signaling, (2) ATP signaling, and (3) high mobility group box 1 (HMGB1) signaling (Fig. 1G) , which are also associated with NLR inflammasome activation and previously shown to be inducers of pyroptosis [33] [34] [35] 
H-FIRE is a highly effective ablation therapy in the In Vivo 4T1 mammary tumor model
To better define the effectiveness of H-FIRE in mammary tumors, we utilized the in vivo murine 4T1 mammary carcinoma model [25] .
Animals were injected with 1.2 × 10 6 4T1 cells into a single mammary fat pad. We chose to treat the tumors when they reached~5 mm in diameter, which occurs between days 10-11 of our model (Fig. 2) . Each tumor received 2500 V/cm H-FIRE treatment. The schematic illustrates a pair of 0.4 mm electrodes, spaced 3-6 mm apart to deliver H-FIRE ( Fig. 2A) . The 2500 V/cm H-FIRE treatment was sufficient to ablate the 4T1 mammary tumor (Fig. 2B ). Representative images of mice showing average tumor sizes on Day 15 (4 days post-treatment) revealed an average 80% reduced tumor diameter post-H-FIRE (Fig. 2C) . The only H-FIRE side effect noted was superficial scab formation over the treatment area, which resolved within 2 weeks post-treatment ( Fig. 2C ; Supplemental Fig. S3C-E) . Similar scabbing was not observed in mice treated with H-FIRE that were not tumor-bearing ( Fig. 2C ; Supplemental Fig. S3C-E) . We achieved near-full ablation within the first week following treatment. However, we observed a range of tumor responses to treatment by day 27 with some tumors beginning to regrow (Fig. 2B) . We believe the ability to administer H-FIRE without the muscle contraction side effects is a major clinical advantage of this technology over other electroporation approaches. Thus, here we compared muscle constriction associated with the current standard monopolar IRE pulse versus the bipolar H-FIRE burst for the same pulse amplitude. Animals were fitted with accelerometers on their footpads and contraction was assessed during 2000 V/cm of either IRE or H-FIRE. IRE treatment resulted in significant full body muscle spasm ( Fig. 2D ; Supplemental Video S1; Supplemental Fig. S3A ; partial treatment shown for clarity), while negligible movement was observed during H-FIRE treatment ( Fig. 2E ; Supplemental Video S2; Supplemental Fig. S3B ; partial treatment shown for clarity). Together, these data show that H-FIRE effectively ablates the 4T1 orthotopic tumor and can be applied without the muscle contraction side effects associated with IRE for the same electric field magnitude. However, it should be noted that H-FIRE treatments require a higher applied pulse amplitude in order to achieve an equivalent lesion depending on the pulse width [36, 37] . Sano et al. demonstrated in vitro ablations with H-FIRE (pulse width 2 μs) versus IRE (pulse width 100 μs) required 1.5 times higher electric fields for similar lesions; whereas, Mercadal et al. show the stimulation threshold for H-FIRE versus monopolar IRE were N1 order of magnitude larger, suggesting that this tradeoff is worthwhile [17, 36, 38] . Though not the focus of this study, we show here that muscle excitation with H-FIRE is mitigated, further supporting previous numerical modeling efforts of Mercadal et al. [38] .
H-FIRE ablation results in increased cell death and inflammation
To determine the extent and mechanisms of mammary tumor ablation following H-FIRE, cell death and inflammation within the tumor were evaluated by histopathology. The 4T1 mammary tumor demonstrates many features of aggressive breast cancer including severe dysplasia, invasive behavior, marked anisocytosis and anisokaryosis, multinucleated cell formation, and high mitotic index (Fig. 3A) . Previous studies have shown that these tumors characteristically have high levels of necrosis in their core regions and significant 4T1 cell proliferation in the leading edge of the tumor [25] . These tumors are also highly immunosuppressive with low levels of lymphocyte infiltration in the microenvironment [25] . Our histopathology assessments are consistent with this and revealed large areas of cell death in the central core of the 4T1 mammary tumors (Fig. 3B) . Following H-FIRE, we routinely observed expanded areas of cell death and tumor cell ablation (Fig. 3C) . By the end of the 30 day 4T1 animal model, no histopathological signs of tumor were detected during pathological assessments of the mammary fat pad in 30% of H-FIRE-treated animals (Fig. 3D) . Consistent with the in vitro data, H-FIRE induced a gene expression profile consistent with necrosis and pyroptosis rather than apoptosis ( Fig. 3D ; Supplemental Fig. S1B ). Because necrosis and pyroptosis are inflammatory forms of cell death, we next evaluated histopathologic features of inflammation. Following H-FIRE treatment, we observed increases in immune cell infiltration into the treatment zone (Fig. 3F-H) . However, our histopathology assessments revealed that immune cell infiltration was variable between animals and ranged from none to moderate following H-FIRE treatment (Fig. 3F-H) . Together, these data support a proposed mechanism whereby H-FIRE alters the tumor microenvironment through the induction of inflammatory cell death, either necrosis or pyroptosis.
Tumor response to H-FIRE ablation is correlated with increased cellular immunity
Based on the range of ablation responses to H-FIRE, we sought to characterize the microenvironment in animals sub-classified as low-, average-, or high-responders to treatment. It is important to note that all of the tumors demonstrated significant ablation by volume following H-FIRE, ranging from 68 to 100% ablation. At necropsy, 15 days post-H-FIRE, tumor specimens were collected and RNA was extracted; data were analyzed based on percentage of ablation post-H-FIRE (low response 68-84% ablation; average response = 85-94% ablation; high response ≥95-100% ablation). When animals were sub-grouped based on their individual tumor response to H-FIRE, we observed a significant correlation between tumor response and expression of genes associated with cellular immunity (Fig. 4A ). In mice with low response to H-FIRE, the majority of genes associated with cellular immunity were significantly decreased (Fig. 4A) . Correlation analysis revealed a strong positive correlation (r = 0.70) between up-regulation of cellular immunity-associated genes and decreased tumor diameter. The biggest shifts in individual gene expression were noted for Aicda, Ccl20, Ccl28, and Fasl, which were significantly down-regulated in low-responding tumors and significantly up-regulated in highly responsive tumors (Fig. 4A) . Analysis of cellular immunity networks most impacted by H-FIRE treatment revealed significant differences in chemokine signaling (Fig. 4B) . The majority of chemokine-associated gene expression was down-regulated in untreated tumors, with notable exceptions being Ccr1, Ccr2, Ccr5, and Cxcl6 up-regulated (Fig. 4B) . However, this pattern was reversed in H-FIRE-treated tumors where we observed significant down-regulation of these genes and the vast majority of remaining genes in this network significantly up-regulated (Fig. 4B) . Together, these data suggest that activation of cellular immunity is associated with the effectiveness of H-FIRE ablation and chemokine signaling networks play a critical role in optimal responses to treatment.
To further evaluate H-FIRE-mediated changes in the in situ 4T1 tumor microenvironment, we utilized IPA to identify biological functions and gene networks impacted by treatment. We observed significant down-regulation of breast cancer-associated genes, with lower levels of expression observed in fully ablated tumors compared to the low-responder and untreated tumor groups (Fig. 4C) . Similar to our findings in the in vitro studies, we observed a significant shift in the balance between immunosuppressive and pro-inflammatory-associated gene transcription (Fig. 4C) . Following treatment, gene expression profiles associated with immunosuppression were significantly downregulated, while genes associated with inflammation and proinflammatory immune responses were significantly up-regulated (Fig. 4C) . These responses were increased in average-and highresponder groups, compared to the low-responders and untreated animals ( Fig. 4C) . Signaling networks associated with cytotoxicity were significantly increased in responsive tumors (Fig. 4C) , likely associated with increased cell death following treatment. Consistent with the chemokine data (Fig. 4B) , gene networks associated with recruitment of leukocytes were significantly up-regulated in responsive
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A. (Fig. 4C) . Interestingly, IL-17 signaling and antigen presentation networks were up-regulated in average-responder animals compared to the other sub-groups (Fig. 4C) . We are unsure of the functional significance of the IL-17 findings as this cytokine has been shown to have both pro-and anti-tumor effects in breast cancer, including increased recruitment of tumor-associated neutrophils and promoting cytotoxic T cell responses [39, 40] . However, the data associated with increased antigen presentation signaling is consistent with the proinflammatory shift observed in the tumor microenvironment and may suggest that adaptive immune system signaling may benefit from a partial or an incomplete tumor ablation strategy. Together, the data presented here are consistent with those described for the in vitro studies and detail the tumor microenvironment shifts from one that is favorable for tumor progression to an antitumor microenvironment driven by increased cellular immunity.
H-FIRE treatment significantly alters local immune cell populations in 4T1 tumor microenvironment
Based on the clinical findings and expression profiling data, we next sought to define the impact of H-FIRE on cell populations within the tumor microenvironment to identify mechanism/s associated with increased cellular immunity. Similar to most human breast cancers, the 4 T1 microenvironment is characterized as being highly immunosuppressive [25] . While many factors contribute, the recruitment and assimilation of myeloid derived suppressor cells (MDSCs), regulatory T cells (Tregs), tumor-associated macrophages (TAMs), and tumor associated neutrophils (TANs) are potent factors in thwarting anti-tumor immunity [41] . Because these cells are in and around the H-FIRE treatment zone and previous studies have shown that IRE and nanopulse treatments can impact these populations [24, 42] , we evaluated these cells post-treatment using flow cytometry. Tumors were harvested during necropsy two and seven days post-H-FIRE treatment and digested to generate single cell suspensions for labeling and analysis. Common markers were utilized to identify neutrophils, polymorphonuclearMDSCs (pMDSCs), monocytic-MDSCs (mMDSCs), TAMs, Tregs, and T helper cell populations (Supplemental Fig. S4A) . Two days after H-FIRE treatment, we observed an 8.7% decrease in CD11b + Ly6G+ neutrophils and no CD11b + Ly6G + Ly6C lo CD45-pMDSCs in the H-FIREtreated animals (Fig. 5A) . Although there were trending differences in these populations seven days post-H-FIRE, no significant differences were observed at this later time point (Supplemental Fig. S4B ). We detected a significant 12.5% decrease in CD4 + CD45+ T helper cell populations two days after treatment (Fig. 5B ). Somewhat counterintuitively, we saw a small but significant increase (0.15%) in the CD4 + CD45 + CD25 hi CD127 lo Foxp3+ Treg population (Fig. 5B) . No significant differences were observed in these lymphocyte populations after seven days (Supplemental Fig. S4C ). Regarding TAM populations, no significant differences were observed two days after treatment (Supplemental Fig. S4D ). However, this may suggest the macrophage populations in the treatment zone are resistant to initial death by H-FIRE because at seven days, we observed a significant decrease in CD11b + Ly6G-Ly6C-CD45 + F4/80+ TAMs (Fig. 5C ). The reduction in TAN, MDSC, and TAM populations and the congruent attenuation of their anti-inflammatory signaling is consistent with the shift to a pro-inflammatory anti-tumor microenvironment observed following H-FIRE.
Local H-FIRE treatment promotes a systemic anti-tumor immune response
Due to the increase in cellular immunity signaling, we hypothesized we would observe increased adaptive immune system activation. Animals were necropsied 15 days post-H-FIRE, and lungs and blood were evaluated for metastatic lesions. Pulmonary metastatic lesions were characterized using blinded histopathology examination (Fig. 6A) . We observed 46.7% reduction in the number of lung lesions counted post-H-FIRE (mean = 8.367 ± 1.731) compared to untreated animals (mean = 15.03 ± 2.392) (Fig. 6B) . IPA expression profiling revealed a significant decrease in metastasis-associated genes in the primary tumor post-H-FIRE (Fig. 6C) . The extent of down-regulation was consistent with the response to H-FIRE, with the greatest changes in averageor high-responders (Fig. 6C ). Thus, it is possible that the changes in lung metastases were a direct reflection of the level of tumor ablation and down-regulation of metastatic genes in the primary tumor. However, it should be noted that we did not detect a significant correlation between the numbers of actual pulmonary metastatic lesions and the response to treatment. Rather, our data shows a significant decrease in metastasis when all of the treated animals are grouped together and compared against untreated mice. It is also probable that metastasis was already underway at the time of treatment in this model. Thus, it is also likely that local ablation with H-FIRE effectively activated systemic anti-tumor immunity, resulting in the observed reduction in the metastatic tumor burden.
To evaluate the role of the immune system in controlling metastasis following H-FIRE, we utilized NSG mice that lack T, B, and NK cells. Animals were injected with 1.2 × 10 6 4T1 cells in the mammary fat pad and treated with identical H-FIRE parameters as wild type BALB/c animals when tumors reached 0.5-0.6 cm (Fig. 6D) . We observed significant ablation in the 4T1 tumors with average diameter decreasing from 0.56 cm to 0.30 cm post-H-FIRE (Fig. 6D ). While this decrease was statistically significant compared to untreated NSG animals, tumor diameter remained larger than those of wild type BALB/c mice post-treatment, ablation demonstrated greater variability, and no tumors were completely ablated (Fig. 6D) . Likewise, the level of ablation steadily decreased until the tumor reached the original size at treatment (0.57 cm) by Day 25 (Fig. 6D) . In both the untreated and H-FIRE-treated NSG animals, we observed high numbers of metastatic cells in the blood (Fig. 6E ). In the untreated animals, we counted 4994 ± 2786 colonies and 6806 ± 2842 colonies in H-FIRE-treated NSG animals (Fig. 6E) . In BALB/c mice we counted 2401 ± 503.7 colonies in the blood from untreated mice and 853.2 ± 437.7 colonies in H-FIRE-treated animals (Fig. 6E) . The significant decrease in circulating metastatic 4T1 cells following local H-FIRE treatment of the primary tumor was statistically significant and based on the NSG experiment is dependent on an intact immune system.
H-FIRE ablation generates Neoantigens capable of stimulating the adaptive immune system
While the innate immune system and cellular immunity contribute to tumor ablation, initiation of systemic anti-tumor immunity relies on robust adaptive immune system activation, largely driven by tumor antigen presentation at the local treatment site. Based on our data, we Fig. 4 . Tumor Response to H-FIRE Ablation is Correlated with Increased Cellular Immunity. At necropsy 15 days post H-FIRE, tumor specimens were collected and total RNA was extracted for gene expression profiling. Data were analyzed based on the % of tumor ablation following H-FIRE (low response≤85% ablation; average response = 85%-94% ablation; high response≥95% ablation). A. The up-regulation of genes associated with cellular immunity are strongly correlated with tumor ablation. In tumors classified in the low-responder group, a significant number of genes associated with cellular immunity were down-regulated. Conversely, a significant number of genes were up-regulated in the animals that saw the highest levels of tumor ablation. B. Chemokine signaling networks were the most impacted by H-FIRE treatment, with highly responsive tumors demonstrating a significant upregulation compared to the other groups. The z-scores shown reflect the level of signaling pathway activation between each group. C. Further pathway analysis identified 6 additional signaling networks that were significantly impacted by H-FIRE treatment response. We observed a significant decrease in breast cancer-associated gene expression and immunosuppression from untreated to high therapeutic response. Conversely, we observed a significant increase in gene expression associated with inflammation, cytotoxicity, and recruitment of leukocytes over the same treatment scale. We also observed a significant increase in IL-17 signaling and antigen presentation that was highest in the animals with average responses. n = 3-10 mice in each group.
hypothesized that H-FIRE treatment improves these functions. The predominantly non-thermal mechanism of H-FIRE likely generates novel neoantigens from the 4 T1 cells in their native form that are not heat or cold denatured. This is expected to improve antigen recognition and would be consistent with the metastasis data described above. We also anticipate the prolonged cell death associated with H-FIRE allows antigen generation and presentation to occur over an extended period of time, further enhancing APC exposure and sampling. To evaluate this hypothesis, we treated 4 T1 cells in vitro using 2000 V/cm H-FIRE or treated cells using cryoablation involving 3 rounds of cooling in liquid Nitrogen for 30 s followed by rapid recovery at 37°C for 3 min (modified from [43] ). Following 24-h recovery, cell suspensions were filtered to remove any remaining 4 T1 cells, and the resultant cell-free lysate was i.v.-injected into healthy BALB/c mice. After 10 days, mice were injected with 1.2 × 10 6 4 T1 cells into a single mammary fat pad, tumor progression was monitored, and tumor diameter was reported at day 30 (Fig. 6F) . Control mice i.v.-injected with lysate that did not receive the 4 T1 mammary injection ("lysate only"), did not show any clinical signs of local or systemic tumor progression (Fig. 6F) . As expected, mice that received sham treated lysate and 4 T1 mammary injection ("tumor only") demonstrated typical tumor progression (Fig. 6F ). Mice that received the 4 T1 lysate following cryoablation demonstrated more variability in tumor progression, but primary tumor size at harvest did not significantly differ from the tumor only group (0.91 ± 0.02 cm vs. 0.89 ± 0.06 cm, respectively) ( Fig. 6F) . Whereas, mice that received lysate from H-FIRE-treated cells demonstrated a statistically significant reduction in tumor size (0.74 ± 0.04 cm) compared to both the tumor only and the cryoablation lysate groups (Fig. 6F) . Tumors from mice treated with H-FIRE lysate were 19% reduced compared to tumor only animals and 17% reduced compared to cyroablation lysate (Fig. 6F) . In addition to the improvement in primary tumor progression, mice treated with either cryoablation lysate or H-FIRE lysate demonstrated a significant decrease in circulating blood metastatic cells compared to the tumor only group (Fig. 6G) . Together, these data indicate that H-FIRE treatment is effective in generating neoantigens that can stimulate the immune system, which contributes to attenuated mammary tumor progression.
Discussion
In previous studies by our research team utilizing IRE to treat mouse 4 T1 cells or human MDA-MB-231 cancerous mammary cells, the effects of varying pulse parameters were evaluated on a selection of cell signaling mediators and general assessments of cell death [23, 44] . The current work expands these data to a more comprehensive assessment of the tumor microenvironment and hallmarks of tumorigenesis following a novel electroporation strategy. Here, we show that H-FIRE initiates inflammatory cell death signaling and a shift in the tumor microenvironment from anti-inflammatory to pro-inflammatory in vitro and in vivo. Defining the mechanism of cell death as necrosis and pyroptosis is an important distinction, as previous studies have associated IRE with apoptosis [28] [29] [30] [31] , considered a non-inflammatory form of cell death. Although we observed expression consistent with apoptosis within the first hours post-H-FIRE treatment, cell death shifted to necrosis and pyroptosis over time (Fig. 1) . We identified the production of DAMPs ROS, ATP, and HMGB1 as likely contributors to both the shift towards a pro-inflammatory microenvironment and the related shift towards necrosis/pyroptosis (Fig. 1) . HMGB1 and ATP, along with calreticulin, were also implicated in electroporation-mediated cell death following NPS in 4T1 cells [24] . Similar to our present study, NPS detected high levels of inflammatory cell death, ultimately resulting in increased activation of dendritic cells [24] . All four mediators (ATP, HMGB1, ROS, and calreticulin) function as DAMPs and activate the NLRP3 inflammasome [45] [46] [47] [48] , which is a likely mechanism underlying these observations.
As with previous electroporation-based tumor ablation studies in other cancer types, H-FIRE was effective in ablating murine mammary tumors. However, we observed a range of responses we classified as low, average, and high responses. In clinical applications of IRE, computational modeling is used to map and plan treatment for each individual patient, leading to improved ablation zone coverage [49] [50] [51] [52] . We did not model electrode placement in the mouse studies due to experimental limitations. Thus, this likely resulted in partial tumor coverage in the treatment zones of some animals. However, our data reveal a significant correlation between activation of the innate immune system and cellular immunity with ablation response, including the identification of a selection of genes and biological functions that are associated with effective H-FIRE tumor ablation (Fig. 4) . It is interesting to speculate that identification of specific cellular immunity genes correlated with favorable treatment responses could be further developed and leveraged as biomarker/s of H-FIRE responsiveness, or lack of therapeutic responsiveness, in human patients.
Early studies evaluating IRE and related electroporation techniques used human cancer cell lines implanted into immunocompromised mice [53] [54] [55] . These studies were critical to explore tumor ablation in human-relevant cancers, but the lack of a functional immune system missed key elements of the host response to treatment. In one of the few studies directly comparing immunocompetent (BALB/c) versus immunodeficient (nude) mice, IRE treatment of subcutaneous renal tumors was more effective in BALB/c mice, requiring 60% less voltage for complete regression compared to nude animals [56] . These findings are similar to ours, where H-FIRE treatment was more effective in ablating the primary tumor in BALB/c mice compared to NSG animals (Figs. 2 and 6). Interestingly, Neal et al., re-injected animals with the same renal cell line 18 days post-IRE treatment and found attenuation of secondary tumor growth in immunocompetent mice [56] . Similar findings were also reported for animals following NPS in the 4T1 model [24] . Together, these data suggest engagement of the adaptive immune system that is consistent with our findings following the pre-treatment of animals with the lysate from H-FIRE treated 4T1 cells (Fig. 6 ). Based on these data, we believe that ablation modalities such as H-FIRE, which produces minimal heating under relevant treatment scenarios, have negligible effects on protein structure and folding, improving antigen presentation and recognition. We believe these data illustrate the potential for H-FIRE to engage the adaptive immune system and promote immunological memory that could be harnessed to minimize tumor progression and prevent recurrence.
One of the most striking findings from these studies reveals that local treatment with H-FIRE can significantly impact metastasis (Fig. 6) . We observed reduced lung and blood metastases in H-FIREtreated animals. These findings are complementary to recent NPS studies, which induced similar levels of anti-tumor immunity and reduced distant organ metastases in the 4T1 model [24] . Following NPS, the authors focused on assessments of systemic leukocytes, and found that NPS induced long-term memory T cells and reduced circulating Tregs [24] . We evaluated the cell populations as described in this study, but did not observe these changes post-H-FIRE (data not shown). However, this is not surprising as our study focused on earlier timepoints and changes in the local tumor microenvironment. We detected the biggest differences in local cell populations, rather than circulating/systemic populations, and observed reduced TANs, MDSCs, and TAMs in the responses and leukocyte recruitment, improving antigen processing and promoting systemic anti-tumor immunity. The removal of antiinflammatory components of the tumor microenvironment, including TAN, MDSC, and TAM populations, should make the microenvironment more favorable for combination therapies. Additionally, improved antigen presentation and greater lymphocyte accessibility to the tumor should improve responses to immunotherapeutics, such as checkpoint inhibitors. This is expected to improve ablation of the primary breast tumor, eliminate metastases, and prevent recurrence. It is also likely that the combined therapeutic approach of H-FIRE and immunotherapy may prevent potential tumor expansion that has been observed in previous studies following IRE and other tumor ablation strategies. Using H-FIRE as a pre-treatment to improve immune system activation and surveillance, even in tumors that will ultimately be surgically removed in a treat and resect strategy, may also improve long-term prognosis.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2019.05.036. 
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